Background. Direct acting antiviral hepatitis C virus (HCV) therapies are highly effective but costly. Wider adoption of an 8-week ledipasvir/sofosbuvir treatment regimen could result in significant savings, but may be less efficacious compared with a 12-week regimen. We evaluated outcomes under a constrained budget and cost-effectiveness of 8 vs 12 weeks of therapy in treatment-naïve, noncirrhotic, genotype 1 HCV-infected black and nonblack individuals and considered scenarios of IL28B and NS5A resistance testing to determine treatment duration in sensitivity analyses.
examine the economic value associated with 8-and 12-week treatment regimens. We considered treatment for black patients and nonblack patients and considered strategies for identifying patients best treated with 12 weeks of LDV/SOF, including testing for host-related factors (interleukin-28B [IL28B] genotype) or virus-related factors (NS5A resistance). We identified threshold treatment efficacies and cost that changed conclusions, and we considered the decision assuming both an open treatment budget and a fixed capacity system.
METHODS

Model Structure
We first built a decision tree to describe the effectiveness of the 8-and 12-week strategies in black and nonblack patients ( Figure  1) . The model begins with treatment eligible patients presenting for treatment. The efficacy of either the 8-or 12-week course of LDV/SOF determines the sustained virologic response (SVR) rate after the first round of therapy. Those who fail firstline therapy are either retained in care with salvage therapy of sofosbuvir/velpatasvir/voxilaprevir for 12 weeks or are lost to follow-up [13] . Those retained either attain SVR or fail therapy and never attain SVR. The decision tree estimates per-person therapy costs of first-and second-line therapy and estimates the proportion of the population achieving SVR.
Next, we used the HEP-CE model to estimate the lifetime medical costs and quality-adjusted life-years (QALYs) of each strategy, discounted 3% annually [14] . The HEP-CE Model is a Monte Carlo lifetime simulation of HCV infection, screening, and treatment, summarized in greater detail in the published literature [15] [16] [17] . The model inputs are summarized in Table 1 . Where possible, inputs were informed by the relevant clinical trials.
Cost-effectiveness Analysis
In the cost-effectiveness analysis, we simulated a cohort without constrained treatment capacity, evaluating the effect of treating all individuals. The model estimates of the lifetime cost and QALY per person. We modeled the effect of no treatment, treatment with an 8-week LDV/SOF regimen, and treatment with a 12-week LDV/SOF regimen. We sorted regimens in order of increasing lifetime cost and then calculated the incremental cost and QALYs associated with increasingly expensive strategies compared with the next least costly strategy. We calculated incremental cost-effectiveness ratios (ICERs) by dividing the incremental cost by the incremental QALYs. We used the commonly cited US willingness-to-pay threshold of $100 000 per QALY gained to interpret ICERs [14] .
Budget Constrained Analysis
We evaluated the effect of each treatment strategy by assuming a fixed budget constraint. This analysis assumed the budgetary perspective of a public payer, department of health, or department of corrections with a fixed pharmacy budget and therefore considered only the costs of first-and second-line therapy.
As an example, we chose a $10 000 000 fixed budget. Using the decision tree from the cost-effectiveness analysis, we found the maximum number of individuals who could be treated while keeping the budget at or below the constraint.
Scenario Analyses
We also explored 2 potential testing strategies that could evaluate who would have success using an 8-week regimen and who may benefit from longer therapy: detecting interleukin-28B (IL28B) polymorphisms and testing for the prevalence of NS5A RAS [18] . The difference in efficacy observed between black and nonblack patients has been in part attributed to differences in IL28B polymorphisms [19] . While the role of IL28B in pegylated interferon-alpha treatment was well established, the effect of IL28B polymorphisms on treatment with direct acting antivirals (DAAs) such as LDV/SOF has been attenuated; however, differences in SVR rates among IL28B genotypes persist [19, 20] . Some studies suggest that certain NS5A RAS can affect SVR achievement, although NS5A resistance testing is rare [18] . We evaluated the effect of IL28B testing and treating individuals with either an 8-week (CC genotypes) or 12-week (non-CC genotypes) course of therapy. Next, we considered a scenario in which all patients received HCV viral genotyping for NS5A ledipasvir-specific RAS, including substitutions at the following positions: K24G/ N/R, M28A/G/T, Q30E/G/H/L/K/R/T, L31I/F/M/V, P32L, S38F, H58D, A92K/T, and Y93C/F/H/N/S in genotype 1a patients and L31F/I/M/V, P32L, P58D, A92K, and Y93C/H/N/S in genotype 1b patients [18] . Our approach to parameterizing these analyses is covered in the Supplementary Appendix. Figure 1 is a schematic of our model. All individuals begin the analysis ready for treatment. Following firstline therapy, individuals' chance of attaining SVR is based on the efficacy of the firstline regimen. Among those failing to achieve SVR, they are either retained in care or lost to follow-up. Those lost to follow-up never achieve SVR. Those retained are treated with salvage therapy and attain SVR with a probability equal to the efficacy of the salvage therapy. At the end of each branch (SVR or no SVR), lifetime cost and QALY outcomes are calculated via the HEP-CE model. Abbreviations: HCV, hepatitis C virus; HEP-CE, Hepatitis C Cost-Effectiveness Model; QALY, quality-adjusted life-year; SVR, sustained virologic response.
To further evaluate the robustness of our results, we conducted several sensitivity analyses. We varied the efficacy and cost of therapy to determine the effect of price reductions and evaluated the effects of retention, the age of the cohort, and the availability of salvage treatment.
RESULTS
Cost-effectiveness Analysis
The cost-effectiveness was similar among black and nonblack patients as regimen costs were the same and efficacy rates were similar ( Table 2) . Among all patients, an 8-week course of LDV/ SOF resulted in a discounted lifetime medical cost of $226 000 and a quality-adjusted lifetime expectancy of 15.2 QALYs, yielding ICERs of less than $11 000/QALY (Table 2) . When employing the 8-week regimen, 97% of black patients ultimately attained SVR compared with 98% of nonblack patients. Four percent of black patients and 3% of nonblack patients needed a second course of therapy because they failed the 8-week regimen, 0.03% of black patients and 0.02% of nonblack patients were left without treatment options after failing both HCV treatment regimens, and 2.8% of black patients and 2.4% of nonblack patients were lost to follow-up between the first and second lines of therapy. A 12-week regimen resulted in fewer patients requiring retreatment (1.1% vs 3.7% for black patients and 2.9% vs 3.1% for nonblack patients), fewer patients being left without treatment options (0.01% vs 0.03% for black patients and 0.020% vs 0.022% for nonblack patients), and fewer patients lost to follow-up (0.8% vs 2.8% for black patients and 2.2% vs 2.4% for nonblack patients). However, the 12-week regimen increased costs by $18 000 per black patient and $19 000 per nonblack patient, with a commensurate increase in QALYs of less than 0.1 per black patient and less than 0.01 per nonblack patient, yielding an ICER compared with the 8-week regimen of $212 000/QALY for black patients and $2 850 000 for nonblack patients (Table 2) .
Budget Constrained Analysis
In the presence of a fixed pharmacy budget of $10 000 000, 261 patients could be treated with an 8-week regimen, with 254 black and 255 nonblack patients attaining SVR, while 175 could be treated under the 12-week regimen, with 174 black and 171 nonblack patients attaining SVR. While the 12-week strategy yielded a higher probability of SVR among those who were treated, using an 8-week regimen allowed for almost 50% more individuals to be cured (Table 2 ).
IL28B Testing Scenario Analyses
In black patients, 8-week therapy had a lifetime cost of $227 000 and 15.0 QALYs for an ICER of $11 000 compared with no treatment, and 93.9% of patients reached SVR (Table 3) . Treating based on the IL28B polymorphism increased costs by $16 000 and quality of life by less than 0.1 QALYs, resulting in an ICER of $190 000 compared with an 8-week regimen for all patients without IL28B testing (Table 3) . Treating all patients with 12-week therapy was slightly more expensive, increasing costs by $2000, and quality of life by just under 0.01 QALYs, producing an ICER of $267 000 compared with the IL28B [38, 39] testing strategy (Table 3) . Among nonblack patients, where the prevalence of IL28B non-CC polymorphisms is low relative to black patients, IL28B testing was a dominated strategy. In this cohort, treating all patients with an 8-week course had an ICER of $11 000 compared with no treatment, while the 12-week regimen had an ICER of $212 000 compared with the 8-week regimen (Table 3 ). In both black and nonblack patients, an 8-week treatment course was preferred to treating patients based on the results of an IL28B test.
NS5A Testing Scenario
We found that 8-week therapy cost $227 000 with 15.1 QALYs, yielding an ICER of $10 900 compared with no treatment (Table 3) . Treating patients based on NS5A RAS increased costs by $3230 and quality of life by 0.06 QALYs, resulting in an ICER of $56 500. Treating all patients with a 12-week regimen increased costs by $14 400 over the NS5A testing strategy and increased QALYs by 0.09, producing an ICER of $164 000. With an ICER of less than $100 000 per QALY, administering an NS5A test and treating based on RASs was preferred to treating all patients with either an 8-or 12-week treatment course regardless of RAS. We found that NS5A testing was cost-effective as long as the SVR rate for 8 weeks of therapy in patients with RAS conferring more than 100-fold resistance to ledipasvir was 88% or less.
Sensitivity Analyses
Two-way sensitivity analyses identified thresholds of 8-week treatment efficacy and salvage therapy efficacy where 12-week LDV/SOF therapy is preferred (Figure 2 ). Assuming that salvage therapy cures 97.3% of those who fail an 8-week course of LDV/SOF, the 8-week treatment regimen was preferred from a cost-effectiveness perspective unless 8-week treatment efficacy was <93.4% for black patients or <91.6% for nonblack patients. In the extreme case of a completely ineffective salvage therapy (SVR = 0%), we found that 8-week therapy remained preferred from a cost-effectiveness perspective, as long as the 8-week regimen resulted in an SVR greater than 94.5% for black patients and 92.7% for nonblack patients. With a constrained budget, 8-week treatment resulted in more individuals cured unless the efficacy of 8-week therapy was <65.9% for black patients and <64.7% for nonblack patients. Next, we found that when the monthly cost of LDV/ SOF was $8883 (47% of the current Federal Supply Schedule costs = $18 900) 12-week therapy was the preferred strategy for black patients. Because the 8-week and 12-week efficacies were similar for nonblack patients, the 12-week regimen was not preferred unless the monthly price of LDV/SOF fell to less than 4% ($750) of the Federal Supply Schedule cost. When we varied retention in care after failing an 8-week regimen, we found that at any level of follow-up for salvage therapy (0%-100%), the 8-week regimen remained preferred, likely because firstline therapy is so efficacious.
The findings were robust in all other deterministic sensitivity analyses, including changing the efficacy and cost of therapy, retention, the age of the cohort, and the availability of salvage treatment (Supplementary Appendix).
DISCUSSION
This cost-effectiveness analysis, both with and without a fixed budget constraint, demonstrates that among treatment-naïve, genotype 1 HCV-infected individuals without cirrhosis, an 8-week treatment regimen provides good value for the money and is preferred to a 12-week regimen in both black and nonblack patients. While 8-week treatment results in more treatment failures, resources invested in extending therapy to 12 weeks would likely be more productively invested in other HCV-related health care interventions, such as expanding HCV screening or improving HCV linkage to care. We found that 8 weeks of therapy was preferred even though our rate of retreatment was low (24%) [13] ; additional investments in linkage to care would likely increase the attractiveness if 8 weeks of treatment. Furthermore, when presented with a fixed budget constraint, the 8-week regimen results in nearly 50% more individuals attaining SVR than the 12-week regimen, yielding better population outcomes. This finding is particularly relevant for health systems faced with a fixed budget such as correctional systems or Medicaid, and this type of analysis could be useful to settings outside of the United States grappling with similar cost/ efficacy trade-offs. In scenario analyses, however, we demonstrate that NS5A testing might be a good strategy for both controlling cost and minimizing poor outcomes. Guidelines should consider the value of NS5A testing, and future research should evaluate the real-world performance of such an individualized approach.
The American Association for the Study of Liver Diseases (AASLD)/Infectious Diseases Society of America (IDSA) HCV treatment guidance recently added the 8-week LDV/SOF regimen to the recommended regimen list for treatment-naïve, genotype 1 HCV-infected individuals without cirrhosis who have a baseline HCV RNA <6 million IU/mL. However, there are caveats regarding which individuals are best suited for this shortened course of therapy; thus many clinicians remain concerned about mandating shortened treatment courses that can increase the risk of relapse for their individual patients. However, early trials showing decreased efficacy did not limit 8-week treatment to patients with HCV RNA <6 million copies, as would later be recommended. When we considered efficacy stratified by RNA, the relative efficacy rates of 8-and 12-week therapy in both black and nonblack patients were similar. Furthermore, we provide additional strategies here that may improve provider comfort with patient-tailored approaches.
While differences in treatment outcomes by race persist in the era of DAA treatment, these differences are less dependent on the IL28B polymorphism [21] . In a scenario considering the usefulness of IL28B testing to prioritize black patients for 8 vs 12 weeks of LDV/SOF, we found that treating based on Figure 2 . Sensitivity analysis of SVR of 8-week therapy and salvage therapy. Figure 2 depicts the results of our sensitivity analysis of the effect of 8-week regimen SVR and salvage therapy SVR. The x-axis displays the SVR range of the salvage regimen, and the y-axis depicts the SVR of the 8-week regimen. Holding constant the efficacy of the 12-week regimen, we vary the salvage SVR from 0% to 100% and find the corresponding 8-week regimen efficacy threshold that results in 12-week therapy to be preferred. In the figure, the downward sloping line is that threshold, with the shaded region underneath representing where the 12-week regimen is preferred. Areas above each threshold shaded region indicate where the 8-week regimen is preferred. The threshold for black patients is higher compared with nonblack patients because in our primary data source [18] the 12-week efficacy of LDV/SOF was higher among black patients (98.9%) than it was among nonblack (97.1%) patients, which makes 12 weeks of therapy more attractive in general. Abbreviations: LDV, ledipasvir; SOF, sofosbuvir; SVR, sustained virologic response.
IL28B polymorphism is not preferred from a cost-effectiveness standpoint, likely because the test does not provide adequate information to risk stratify. It is possible that the linked polymorphism IFNL4-ΔG/TT (rs368234815) may provide more resolution, especially in black patients [22] ; however, commercial testing is not yet available. In contrast, our results suggest that baseline testing for NS5A RAS that convey >100-fold ledipasvir phenotypic resistance is part of a potentially attractive treatment strategy. Work from Sarrazin et al. demonstrated that treating patients who are infected with a virus with baseline NS5A RAS with a 12-week regimen increases SVR by nearly 13 percentage points (from 82.8% with 8 weeks to 95.7% with 12 weeks) [18] . Our model results suggest that this large gain in SVR at a modest test cost provides good economic value and might be the ideal strategy to reduce cost and avoid higher relapse.
While in the current environment we demonstrate that overall 8-week treatment is preferred, there are important caveats. It is possible that future price negotiations and market competition result in the price of LDV/SOF falling to the point that an additional month of therapy for all patients provides good value and is cost-effective. In our analysis, we find that that occurs at around $8900 for a month of therapy in black patients, approximately 50% of the Federal Supply Schedule price and 25% of the average wholesale price of LDV/SOF [1, 23] . It is possible that some insurers or health systems have already crossed this threshold, or may do so with the downward pressure on prices due to competition with the release of the new 8-week regimen of glecaprevir/pibrentasvir. If so, those systems would secure the best possible outcomes by treating all black patients for 12 weeks. Among nonblack patients, the threshold price that results in 12-week therapy being cost-effective is very low and likely not realistic in the near future ($750 per month of therapy).
These data support the decision by the AASLD/IDSA Guidance Panel to recommend the 8-week regimen, regardless of price points, for nonblack patients. While this analysis also supports 8 weeks in black patients, it acknowledges a higher relapse rate with the 8-week regimen and a need for salvage with a second course of approved therapies. Furthermore, in the setting where the cost of LDV/SOF is less than $8900 per month (or $17 800 per treatment), the trade-off of higher relapse and cost is not needed. The guidance panel makes recommendations based on safety and efficacy and does not consider cost per se [24] . Thus, these data are more likely to support population-, health system-, and health insurer-level decisions, where fixed budgets imply that using an 8-week regimen could allow more black patients to be treated.
This analysis has several limitations. First, the price of HCV treatment varies significantly among payers, and there is evidence of large price reductions following negotiations for exclusivity [25] . We attempted to capture this lower cost by using the Federal Supply Schedule, but it is possible this is not the appropriate metric. Next, due to data availability, we had to use heterogeneous data sources for the base case and 2 scenarios. Although the absolute efficacy values do not always match perfectly among the 2 scenarios and base case, the relative efficacies are internally consistent. While more research is needed to explore combinations of HCV viral load, IL28B genotype, RAS presence, and fibrosis in depth, we believe our results are a valuable first step in understanding the potential value in different testing and treatment strategies. Finally, while there are a number of treatments available, we focused on LDV/SOF alone as a firstline regimen. While the approval of glecaprevir/pibrentasvir provides another 8-week treatment option primarily in treatment-naïve patients, we believe that LDV/SOF will have continued relevance in the clinic. Price negotiations leading to steep discounts for LDV/SOF make prices difficult to compare, even given the lower published wholesale acquisition cost of glecaprevir/pibrentasvir ($13 200/4 weeks) compared with LDV/SOF ($31 500/4 weeks) [1, 25] . LDV/SOF has been available since 2014, and many providers have experience with that regimen. Given the similarity in efficacy between LDV/SOF and glecaprevir/pibrentasvir and the recommendation of LDV/SOF in the AASLD/IDSA treatment guidelines, the 2 regimens will likely continue as competitors. As such, our findings likely apply to glecaprevir/pibrentasvir as well. In particular, there are questions around the role of NS5A resistance in glecaprevir/pibrentasvir that clinical trials were unable to answer [26] . Our finding that NS5A resistance testing is likely cost-effective represents an important research space for maximizing the efficacy of glecaprevir/pibrentasvir in particular populations.
While highly efficacious therapies can cure HCV with few side effects in as little as 8 weeks, many individuals and payers are struggling with the cost. For LDV/SOF, our results indicate that 8-week therapy is cost-effective and can result in better population outcomes in both black and nonblack patients compared with 12-week therapy, even with lower rates of SVR. Future research demonstrating the real-world effectiveness of NS5A testing could improve outcomes still further, while controlling cost. This analysis provides an evidence base supporting the movement of the 8-week regimen to the preferred regimen list for appropriate patients in the HCV treatment guidelines. Wider use of the similarly effective, significantly less expensive 8-week regimen could result in the ability to treat more individuals and improve population health.
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